ABSTRACT: Estuarine planktonic bacteria were grown in gas-tight continuous cultures on filtered seawater with reduced content of inorganic carbon. Production of CO, (respiration) and of particulate organic matter (net production) were measured by infrared gas analysis, and growth yield was calculated as net production divided by the sum of respiration and net production. Cultures grown at 6, l 0 and 15 "C showed an average growth yield of 20.7 % ( k l . l , 95 % CL) with minor correlations to both temperature and generation time. This value is considerably lower than the generally assumed growth yield of 60 %, based on short term uptake of radiolabelled substrates. Bacterioplankton gross production and substrate demand might thus have been severely underestimated in previous studies.
INTRODUCTION
The past decade has provided us with a new view on the trophic role of planktonic bacteria. While traditionally regarded as mineralizers exclusively of particulate detritus (Lindemann 1942 , ZoBell 1946 , Steele 1974 , Stevenson 1978 , bacterioplankton are now believed to recycle large amounts of dissolved organic matter back to the food web, efficiently and rapidly (Pomeroy 1974 , Williams 1981 , Taylor 1982 , Azam et al. 1983 .
A carbon conversion efficiency of 60 "/o for bacterial growth has been accepted as a general mean (Calow 1977) , though values of 50 % (e.g. Azam et al. 1983) and 70% (Williams 1981) have also been adopted. These values are all based on determinations of bacterial uptake and respiration of radiolabelled substrates during a few hours incubation. However, the conversion efficiency of simple substrates is not necessarily identical to the overall growth yield on complex natural substrates.
The aim of this study was to evaluate the bacterial carbon conversion efficiency by a direct method, independent of the radiotracer methods. Hagstrom et al. (1984) demonstrated that it is possible to grow mixed bacterioplankton assemblages in continuous cultures on filtered seawater for several generations. By combining this approach with the sensitive infrared gas analysis of dissolved inorganic carbon (DIC) and par-
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O Inter-Research/Printed in F. R. Germany ticulate organic carbon (POC), it was possible to assess the growth yleld during steady state growth in unenriched seawater cultures.
MATERIALS AND METHODS
Inocula and media. Water for inocula and media preparation was sampled from the eutrophic estuary Roskilde Fjord, Denmark, on 11 March, 29 April and 3 July, 1985.
Water for inocula preparation was filtered through l pm Nuclepore filters and treated with cycloheximide (25 mg l-') for 2 h to kill eucaryotes (Fuhrman & McManus 1984) . A 25 m1 subsample was used as inoculum for each culture.
Water for media preparation was filtered through Whatrnan GF/C-filters within 6 h of sampling. The amount of HC1 required for conversion of all inorganic carbon to free CO2 was estimated from measurements of pH and total DIC, and this amount was added to 5 1 subsamples. The acidified water was bubbled with CO2-free air for 1 to 3 h. This procedure was repeated twice until total DIC was below 0.05 mM. The water was then adjusted to pH 8.0 with a d u t e phosphate buffer (0.1N NaOH and 0.01N Na2HP04), filtered through a 0.2 pm Gelman Minicapsule filter and stored frozen. Inorganic nitrogen and phosphorus were present in quantities in excess of the bacterial requirement (Geertz-Hansen pers. comm.), so the cultures were presumably carbon limited.
Medium Peristaltic Overflow
( 7 pump collection Continuous culture system. The gas-tight culturing system was constructed from glass bottles, anaerobic butyl rubber stoppers (Bellco), stainless steel canullae and Tygon tubing (0.8/2.4 mm) (Fig. 1) . Two or 3 parallel 500 m1 culture bottles were incubated in a shaking bath at ambient temperatures. During the last 2 experiments, mild ultra-sonification was applied to the water bath to prevent wall growth and cell clumping. Medium inflow to the culture bottles was controlled by peristaltic pumps. Drip-feeding through the head spaces of the culture bottles prevented back-growth into the medium bottle. The outflow worked as an overflow controlled by the head space pressure. The overflow was collected in HgC12 (>5 ppm final concentration). The cultures were allowed to grow up as batches before the flow was turned on. At least 2 generation periods were run before the first sampling. A series of flow rates was run for each culture and for each flow rate at least 1 generation period or l d was awaited before sampling.
DIC and POC determination. Samples for DIC determination were taken from medium and culture bottles with 1 m1 syringes. Triplicates of 100pl were injected into a chamber containing 3 % HN03, bubbled by a nitrogen flow which led the released CO2 to an infrared gas analyser (ADC model 225 MK 3). The signal was integrated over a period of 75 S from injection of sample. The measurements were calibrated with solutions of KHC03.
Samples for POC analysis were taken from medium and overflow accumulation bottles. Triplicate subsamples of 25 or 50 m1 were filtered onto Whatman GF/F filters, using a minimum vacuum ( < l cm Hg). To reduce background, the filters were wet oxidized by 100 mM K2Cr207 in 60 ' 10 H2S04 at 140°C for 3 h. After filtration of samples the filters were rinsed 5 times by 1 m1 0.2 pm filtered distilled water and dried at 60°C for 15 min. The dry filters were combusted at 650°C in a quartz tube furnace in an oxygen flow passing to the infrared gas analyser. Samples of the medium were used as blanks (see below). The measurements were calibrated by solutions of glucose pipetted onto furnaced glass fibre filters. Recovery was tested on bacterioplankton batches incubated with 14C-glucose (4 pCi lF1, < 16 nM) for several generations to achieve homogeneous labelling. Samples of 25 m1 were run through the procedure described above. The radioactivity of filters before and after combustion was related to a reference activity of unfixed samples of 10 m1 filtered onto 0.45 pm cellulose nitrate filters. Radioactivity was assayed by llquid scintillation counting with external standard quench correction. Recoveries at 6, 10 and 15°C were 0.88f 0.03, 0.95 + 0.02 and 0.82 + 0.05 (means and standard deviations of triplicates). These values differed significantly (P< 0.05) and were therefore used separately in further calculations. The high retention efficiency of the wetoxidized GF/F filters was confirmed by epifluorescense microscopy on the filtrate. Cell number was determined by epifluorescense microscopy on acridine-orange stained samples (Hobbie et al. 1977) .
Calculations. The growth yield (Y) was calculated according to the formula:
where APOC = the difference in particulate organic carbon between medium and overflow collection bottles; ADIC = the difference in inorganic carbon between medium and culture bottles, corrected for leakage of CO2 through the Tygon tubing (38 pg C h-' m-').
RESULTS
The continuous cultures could be run for several weeks with generations times (defined as the inverse of the dilution rate) ranging from 1 to 10 d. The carrying capacity decreased from the first to the last experiment (Fig. 2) , as did the chlorophyll a concentration in situ (author's unpubl. data). The cell number per m1 reached 32 X 106, 10.7 X 10"nd 2.0 X 106 during the 3 experiments, corresponding to bacterial biomasses of 39, 50 and 71 €g C cell-l, respectively. Most of the literature on bacterioplankton biomass has reported lower values of carbon content per cell (e.g. Ferguson & Rublee 1976 , Watson et al. 1977 . However, these values, which are based on theoretical assumptions on density and dry matter content of the cells, might be underestimated by a factor of 2 to 5 (Bratbak & Dundas 1984 , Bratbak 1985 , Bjamsen in press). As expected from the theoretical chemostat model (Slater 1979) , the measured productions of particulate organic carbon (POC) and CO2 (DIC) seemed to decrease at short generation times (Fig. 2, upper panels) .
Generation time (days 1 Fig. 2 . Carbon balances for continuous seawater cultures grown at varying generation times (abcissae, d) and at 3 different temperatures. Upper panels: produced concentrations of particulate organic carbon (net production, A ) and of dissolved inorganic carbon (respiration, m) in terms of mg C 1-' Lower panels: calculated growth yields (net production divided by the sum of net production and respiration, 0). Bars indicate SEM of triplicates The calculated growth yields ranged between 11 and 27 % with an overall mean of 20.7 % ( + 1.1, 95 % CL). In each of the 3 experiments the growth yield increased with increasing generation time (Fig. 2,  lower panels) . From the theoretical chemostat model we should expect decreasing growth ylelds with increasing generation time (Slater 1979) due to a constant carbon demand for maintenance. However, the model is restricted to l-species systems, while the continuous cultures were run with mixed populations. The observed pattern might therefore be caused by selection for resource conservation (species with high growth yields) at high generation times. The 3 correlations were insignificant (P>0.05) when tested separately by linear regression.
The mean carbon conversion efficiency was negatively correlated to temperature (P<0.01, Fig. 3 ). This correlation is consistent with previously observed annual variations in bacterial carbon conversion effi- Fig. 3 . Mean growth yield (cf. Fig. 2 ) as a function of temperature. Bars indicate SEM ciency (Gocke 1976 , Keller et al. 1982 . However, the 3 experiments were carried out at different seasons with different media and bacterial populatlons, so several factors might have influenced the growth yield. The experiments were intended to mimic limited growth under natural conditions, but some manipulations had to be introduced. A reduction of background content of inorganic carbon was necessary to obtain DIC measurements with sufficient precision. No difference in carrying capacity was observed between cultures grown on media with reduced and with natural contents of inorganic carbon. The addition of cycloheximide to the inocula was intended to kill eucaryotic bactenovores that might have passed the 1 ~d Nuclepore filter (Fuhrman & McManus 1984) . In fact, no flagellates were observed during examination of the cultures by epifluorescence microscopy. Fresh solutions of cyclohexirnide (10 mg l-l) caused an immediate reduction of bacterial activity (assessed by 3H-thymidine incorporation) of less than 25%. On the other hand, batch cultures inoculated with cycloheximide-treated l p,rn filtrates revealed about 20 % higher carrying capacities than parallel batches with untreated inocula.
DISCUSSION
The bacterioplankton growth yields obtained in this study showed a pronounced discrepancy from the gen- Table 1 . Bacterioplankton carbon conversion erally applied values of 50 to 70 % (Calow 1977 , Williams 1981 , Azam et al. 1983 . Those high conversion efficiencies are based on numerous studies, in which samples of natural bactenoplankton were incubated with tracer amounts of "C-labelled organic compounds (Table 1) . After incubation, typically a few hours, particulate uptake of 14C was compared with respired 14C02. This approach has revealed short term conversion efficiencies of about 70% for glucose and various amino acids (reviewed in Joint & Monis 1982 , Williams 1984 ). An exception is Billen et al. (1980) , obtaining an average conversion efficiency of 33 %.
Obviously, the measured uptake efficiency of 14C-labelled substrates will depend on the incubation period. Theoretically, the apparent conversion efficiency will be almost l00 % after very short incubations. On the other hand, all the added label wdl eventually be respired in an unfractionated plankton sample, so at very long incubation periods the apparent conversion efficiency will approximate zero. Iturriaga & Zsolnay (1981) observed a 2 to 3-fold decrease in apparent conversion efficiency when the incubation period varied from 4 to 72 h (Table 1) .
Another objection is the artificiality of the labelled substrates. Amino acids, particularly, are likely to enter anabolic pathways and are thus converted more efficiently than the variety of more or less refractory substrates which challenge planktonic bacteria in situ.
In some experiments, however, short-term conversion Bauerfeind (1985) " Comparison of incorporated and respired "C after incubation of natural bacterioplankton samples with tracer concentrations of labelled substrate Dependent on incubation period, cf. text C Bacterial net production estimated from microscopic determination of biovolume Bacterial respiration determined as oxygen consumption Bacterial gross production determined as carbon substrate consumption ' Recalculated in Linley et al. (1 983) g Bacterial net producbon estimated from 3H-thymidine incorporation (Iturriaga & Hoppe 1977 , Bell & Sakshaug 1980 . As another approach to the assessment of bacterial carbon conversion efficiency, a few authors have attempted to set up carbon balances for bacterioplankton populations. Newel1 and coworkers (Newel1 et al. 1981 , Linley et al. 1983 , Linley & Newel1 1984 ) studied degradation of plant detritus in mixed cultures of marine bacteria. Bacterial carbon yield was estimated from direct counts (Hobbie et al. 1977 ) and compared to loss of carbon substrate. Sorokin (1971) and Bauerfeind (1985) measured oxygen consumption and bacterial biovolume yield in bacterioplankton batches enriched with phytoplankton hydrolysate and detritus. Bell & Kuparinen (1984) assessed bacterioplankton respiration and net production during a spring bloom in eutrophic Lake Erken, Sweden. These studies all indicate a bacterial growth yield in the range from 10 to 30 %. A common drawback is, however, that they are based on indirect methods and thus depend on assumed conversion factors, e.g. from oxygen consumption to carbon respiration, from 3~-t h y m i d i n e incorporahon to cell production and/or from biovolume to biomass. Recently, empirical calibrations have indicated that the generally used conversion factors from biovolume to biomass might have been underestimated (Bratbak & Dundas 1984 , Bratbak 1985 , B j~r n s e n in press). As a consequence, the estimated growth yields should b e raised, but this might b e compensated by other methodological biases. Thus, Bauerfeind (1985) measured respiration as oxygen consumption, even at low oxygen tensions. Linley & Newel1 (1984) enriched bacterioplankton batches with powdered plant debris, but measured bacterial utilization as loss of dissolved organic carbon. In Sorokin (1971) , a low conversion factor seems to be compensated by an empirical cell shrinkage factor of 2.5.
Despite methodological problems, the cited studies all point to bacterial growth yields considerably below the conversion efficiencies, which have been measured with radiolabelled substrates. This indication is supported by the present study, in which respiration and net production were measured directly in carbon terms in bactenoplankton cultures grown on natural substrate.
CONCLUSION
It might be useful to distinguish between uptake efficiency and growth yield on the following grounds:
The uptake efficjency, measured by short term incubations with radiolabelled substrates, is relevant when bacterial gross uptake of phytoplankton exudates is calculated from fractionated '*C-incorporation measurements (Derenbach & Williams 1974 , Larsson & Hagstrom, 1979 , 1982 , Cole et al. 1982 . Ideally, the uptake efficiency should be measured on radiolabelled phytoplankton exudates (Iturriaga & Hoppe 1977 ) and the incubation period should match that of the I4CO2-incorporation experiment. Based on the present literature, 50 to 80 % seems to b e a realistic range of bacterioplankton uptake efficiency during a few hours' incubation.
The bacterial growth yield, defined a s net production divided by substrate consumption, is required for the conversion of measured net production rates into substrate demands and is thus a crucial parameter for establishment of carbon budgets in pelagic ecosystems. The growth yield can b e estimated from carbon balances for bacterioplankton populations in controlled systen~s. By this approach, the present study revealed bacterial growth ylelds of 18 to 23 O/O at temperatures ranging from 6 to 15°C. These results support the accumulated indications of bacterioplankton growth ylelds in the range from 10 to 30 O/O.
If such low growth yields are a general feature of planktonic bacteria, bacterial substrate demand and respiration have been underestimated in several studies, in which bacterial net production has been assessed by e.g. 3H-thymidine incorporation or frequency of dividing cells (Fuhrman & Azam 1982 , Larsson & Hagstrom 1982 . Furthermore, a reconsideration of bactenoplankton a s even more important pelagic remineralizers might b e needed.
